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We have fabricated and characterized GaN-based vertical cavity surface emitting lasers VCSELs
with a unique active region structure, in which three sets of InGaN asymmetric coupled quantum
wells are placed in a half-wavelength 0.5 length. Lasing action was achieved under optical
pumping at room temperature with a threshold pumping energy density of about 6.5 mJ /cm2. The
laser emitted a blue light at 449.5 nm with a narrow linewidth below 0.1 nm and had a high
spontaneous emission factor of about 3.010−2. The results indicate that this active region structure
is useful in reducing the process difficulties and improving the threshold characteristics of
GaN-based VCSELs. © 2008 American Institute of Physics. DOI: 10.1063/1.3030876
GaN-based vertical cavity surface emitting lasers
VCSELs have recently attracted increasing interest due to
their many superior properties over edge-emitting lasers and
potential applications in high-density optical storage, large
area laser displays, lighting devices, etc. In particular, the use
of two-dimensional arrays of the blue-violet VCSELs could
drastically reduce the readout time in high-density data stor-
age and increase the scan speed in high-resolution laser
printing technology. Enormous efforts have been devoted to
this enterprise so that now the room-temperature lasing of
optically pumped GaN-based VCSELs with various cavity
structures have been realized,1–5 and more exciting, the low-
temperature continuous-wave lasing of electrically pumped
GaN-based VCSEL has been reported.6
In spite of the astonishing progress, the epitaxial growth
of GaN-based materials and device fabrication are still chal-
lenging, and more research is needed. Due to the unique
device structure, the VCSELs have a very harsh lasing con-
dition, including high quality active region, very high reflec-
tivity distributed Bragg reflectors DBRs, and efficient cou-
pling between gain medium and optical field. In addition,
because of the short optical resonator, there is usually only
one longitudinal mode within the gain spectrum, which leads
to laser threshold to be sensitive to the alignment of the
cavity resonance with respect to the gain peak. In order to
reduce the threshold energy density, the resonance wave-
length should coincide with the peak of the medium gain.
However, it is technically a very difficult process since the
medium gain and cavity resonances usually have a signifi-
cant spatially nonuniformity owing to the fluctuation of the
material thickness and composition. Furthermore, strong in-
ternal electric field is intrinsically present in wurtzite GaN-
based heterostructures due to piezoelectric and spontaneous
polarizations. The internal field induces a quantum-confined
Stark effect in the InGaN quantum wells QWs,7 which ac-
companies a large redshift of the emission wavelength in the
QW with respect to that in bulk layer, and a blueshift of the
emission wavelength with increasing excitation intensity and
reverse bias. These variations would result in an evident de-
tuning of the cavity resonance and gain peak. Since the lu-
minescence from InGaN QWs has a rather narrow linewidth,
this detuning would profoundly degrade the threshold prop-
erties of the GaN-based VCSEL. In order to have a more
wavelength tolerance during the VCSEL fabrication, the ac-
tive medium with a broad gain spectrum is needed. In this
paper, a unique active region structure in which three sets
of InGaN asymmetric coupled QWs are placed in a half-
wavelength 0.5 length was proposed for GaN-based
VCSEL. This active region structure features a number of
unique properties, including higher coupling efficiency be-
tween gain medium and optical field, a broader gain spec-
trum, and efficient transferring of carriers. Low threshold
lasing of GaN-based VCSEL is achieved by using this active
region structure.
The device fabrication process was similar to our previ-
ous studies.5,8 The nitride epitaxial structure was grown by a
metal organic chemical vapor deposition system on 2 in. di-
ameter 0001-oriented sapphire substrates as follows: a
30 nm GaN nucleation layer, a 1.7 m bulk GaN, 200 nm
Al0.07Ga0.93N, an active region consisting of three sets of
InGaN asymmetric QWs and GaN spacer layers, 115 nm
GaN, 150 nm Al0.07Ga0.93N, and 5 nm GaN cap layer. Then,
SiO2 /Ta2O5 dielectric DBRs were deposited on the top of
the grown nitride structure. Next, the sapphire substrate was
removed by using bonding and laser lift-off techniques. After
substrate removal, a second SiO2 /Ta2O5 dielectric DBR was
deposited directly on the GaN surface exposed for comple-
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tion of the VCSEL structure. The total thickness of the reso-
nant cavity is about 12.5 in optical thickness. The sche-
matic of the overall VCSEL structure is shown in Fig. 1a.
The asymmetric QWs consist of three periods of 5-nm-thick
GaN barriers and In0.2Ga0.8N wells with thicknesses of 2.5,
3.0, and 3.5 nm, respectively, as shown in Fig. 1b. Figure
1c shows the band gap variation and the distribution of
optical standing wave in the VCSEL active region. It can be
seen that the optical thickness of the active layer is half of
the emission wavelength, and there are two sets of QWs at
the antinodes position of the optical standing wave field. In
this geometry, we can achieve an axial enhancement factor 
of about 1.3. This value is higher than that of active region
covering half of the emission wavelength, in which  is
unity,5,9 indicating more effective coupling between the gain
medium and internal optical field.
Figure 2 shows the room-temperature photoluminescent
PL spectrum of the asymmetric coupled QWs excited by a
325 nm He–Cd laser. For comparison, the PL spectrum of
the conventional uniform QWs is also given. As shown in
Fig. 2, the asymmetric coupled QWs exhibit a strong blue
emission around 446.5 nm with a linewidth of about
24.5 nm, which is significantly broader than that of the con-
ventional uniform QWs about 12.5 nm. It is also important
to point out that the broader linewidth of asymmetric coupled
QWs is not due to the degradation of the crystalline quality
of QWs, but is mainly attributed to the radiative recombina-
tion involving different emission energies resulting from
QWs with different thicknesses, as shown in the inset of Fig.
2. Such a broad linewidth can significantly reduce the diffi-
culty encountered when aligning the gain peak and the cavity
resonance mode in VCSEL.
The fabricated GaN-based VCSELs were optically
pumped by a Nd:YVO4 laser at 355 nm, with a pulse width
of 5 ns and a repetition rate of 50 Hz. The pumping laser
beam was focused down to a 150 m diameter spot on the
top dielectric DBR and incident at an angle of 15°. The light
emitted along the sample normal was then collected by a
monochromator and a cooled charge coupled device system
with a resolution of 0.1 nm. Figure 3a shows the variation
of emission spectrum with increasing the pumping energy.
As shown in the figure, these spectra obviously show the
transition behavior from spontaneous emission to stimulated
emission with a single dominant peak. Above the threshold
pumping energy, a vary sharp emission peak appears at
449.5 nm with a linewidth below 0.1 nm resolution limit.
The emission intensity from the VCSEL as a function of the
pumping energy is shown in Fig. 3b. A clear threshold
characteristic was observed at the threshold pumping energy
Eth of about 2.3 J/pulse, corresponding to an energy density
of 6.5 mJ /cm2. Such a narrow emission and the clear thresh-
old characteristic are the direct evidence of lasing action.
Figure 4 is a replot of the laser emission intensity as a
function of the pumping energy in a logarithmic scale. By
solving the rate equations10,11 and fitting the results to the
experimental data, we can estimate the spontaneous emission
factor  which represents the coupling efficiency of the
spontaneous emission to the lasing mode. From the fitting
result, we obtain the  value equal to 3.010−2, which is
nearly three orders of magnitude higher than that of the typi-
cal edge-emitting semiconductor lasers normally about
10−5, indicating the enhancement of the spontaneous emis-
sion into the lasing mode by the cavity effect in the VCSEL
structure.
Wang et al. reported room-temperature lasing at
448.9 nm in GaN-based VCSELs with a linewidth of
FIG. 1. a Schematic of the GaN-based VCSEL. b Band diagram of the
asymmetric coupled QWs. c Band gap variation and distribution of optical
standing waves in the VCSEL active region.
FIG. 2. Normalized PL spectra of the asymmetric coupled QWs and con-
ventional uniform QWs at room temperature. Inset: schematic potential pro-
file for the asymmetric coupled QWs with consideration of the polarization
effect.
FIG. 3. a The variation of emission spectrum with increase of the pumping
energy. b Emission intensity as a function of the pumping energy at room
temperature.
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0.17 nm and a threshold energy density of 7.8 mJ /cm2.9 It is
worth noting that despite having a much longer cavity
length, our VCSEL possesses a lower threshold energy den-
sity and features a narrower linewidth. We attributed this
improvement mainly to two factors. First is the high cou-
pling efficiency between the gain medium and optical field,
as discussed above. The second is the efficient carrier trans-
fer in the asymmetric coupled QWs. Generally, the carrier
tunneling is easily happened from the narrow QW with a
higher ground energy level to the wide one with a lower
ground energy level because carriers are always trying to fill
the lowest energy level. However, this tunneling would be
suppressed when the carrier density at the excited energy
level in the wide well is higher than that at the matched
energy level in the narrow one, and a reversed carrier trans-
fer from the wide well to narrow one will take place, as
shown in the inset of Fig. 2. Due to the triangular band edge,
the effective potential barrier width is decreased dramatically
for the excited state energy level in the InGaN QW. Since the
tunneling probability is closely related to the potential barrier
width and height, thus the tunneling probability of carriers at
high energy levels will be significantly enhanced. Similar
anomalous tunneling effect in asymmetric coupled double
InGaN QWs structure has been reported by Wang et al.12
Due to the resonant cavity effect, the intensity of the light
whose wavelength is resonating to the cavity mode will be
strongly enhanced, whereas others will be suppressed. In
other words, the QW, whose gain peak coincides with the
resonance wavelength, will have a lower carrier density due
to the higher recombination rate. By conventional or anoma-
lous tunneling mechanism, the carriers injected into the QW
with higher recombination rate will increase, which can sig-
nificantly enhance the radiative recombination rate of the
active medium and thus reduce the threshold energy density.
In summary, we have demonstrated the GaN-based VC-
SELs with an asymmetric coupled QWs active region. The
lasing action was achieved under the optical pumping at
room temperature with a threshold energy density of about
6.5 mJ /cm2. The laser shows a narrow linewidth and a
strong spontaneous emission factor of about 3.010−2. The
low threshold lasing is mainly owing to the coupling en-
hancement between the gain medium and optical field, and
the efficient carriers transfer in the asymmetric coupled QWs
as well.
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FIG. 4. Emission intensity vs pumping energy in a logarithmic scale. Solid
symbols are experimental data, and the line is the theoretical fitting curve.
191118-3 Zhang et al. Appl. Phys. Lett. 93, 191118 2008
Downloaded 30 Sep 2013 to 210.34.4.209. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
